There are known cases where a cell subpopulation bearing a selective advantage tends to or eventually replaces another cell subpopulation within an organism. This process is supposed to underlie the purging of the most frequent mitochondrial DNA pathogenic variant from leukocytes and other tissues. It is also likely to explain the normal increase of sex chromosome aneuploidy in human leukocytes with age or under pathological conditions and the expansion of a cell subpopulation after the spontaneous in vivo reversion to normal of an inherited pathogenic variant. Furthermore, it is the rationale behind gene therapy for certain diseases. This (total or partial) population replacement process can be described by a logistic function. Here, I also explore the commonalities between somatic selection and the classical case of directional selection in population genetics.

When one cell subpopulation replaces another one within an individual {#mjz014s1}
=====================================================================

Alterations of the mitochondrial genome (mtDNA) can lead to mitochondrial diseases. Each eukaryotic cell has hundreds to thousands of mitochondria, each of which contains several copies of mtDNA circles ([@mjz014C24]). Thus, an individual with a variant in mtDNA can have a mixture of mitochondrial genomes, a phenomenon called heteroplasmy. Moreover, the stochastic segregation of mitochondria in the oocytes of a mother carrying a mtDNA variant may lead to germ cells more or less enriched in variant mitochondria. This translates into a variability of heteroplamsy levels in her offspring ([@mjz014C4]).

The mtDNA variant m.3243A\>G is one of the most frequent causes of mitochondrial disease and the most prevalent pathogenic alteration of the mitochondrial genome. It is responsible for a variable phenotype ranging from no symptoms to myopathy, encephalopathy, lactic acidosis and stroke-like episodes, also known as MELAS ([@mjz014C8]; [@mjz014C26]; [@mjz014C16]). The degree of heteroplasmy correlates with the severity of the symptoms ([@mjz014C5]; [@mjz014C16]). Thus, patients with a higher proportion of mutated mitochondrial genome are expected to have more severe manifestations. Interestingly, an increasing number of studies have shown that the proportion of mutated mitochondria in leukocytes declines with age ([@mjz014C12]; [@mjz014C21]; [@mjz014C20]; [@mjz014C17]). In contrast, skeletal muscle, which is a terminally differentiated tissue, displays much higher proportions of mutated mtDNA compared to leukocytes from the same individuals ([@mjz014C18]; [@mjz014C7]). This shows that the elimination of mutated mtDNA (or the corresponding increase of the proportion of wild-type mitochondria) in leukocytes is related to the high proliferation rate of their progenitors.

To understand this process, one can broadly divide the stem cell population into rather-wild-type cells (i.e. those with heteroplasmy levels below a certain threshold), which would have a selective advantage and those rather-mutated, with above-threshold values of heteroplasmy ([@mjz014C27]). This can be explained by biases in mitochondrial segregation during somatic cell division, which produces stem cells with different mutation loads. The selective advantage of the rather-wild-type cells (i.e. enriched in normal mitochondria) can derive from either a higher mitotic capacity and/or a lower specific death rate. With time, cells enriched in wild-type mitochondria can replace those enriched in mutated mitochondria ([@mjz014C27]). This is in line with the views of ([@mjz014C22]). Their simulations showed that under certain assumptions there is a slow decay of the proportion of mutated mitochondria during childhood followed by an exponential-like decrease at older ages. This behavior mirrors the S-shaped rise of the proportion (*P*) of cells enriched in wild-type genomes. Figure [1](#mjz014F1){ref-type="fig"} shows the evolution of the proportion of cells enriched in either mutated or wild-type mitochondria with time and how the latter can invade the population even when their initial proportion (*P*~0~) is low. This S-shaped curve is generated by the logistic function ([@mjz014C30]), which will be further discussed below.

![(**A**) Stochastic segregation of mitochondria carrying wild-type or mutated genomes due to sampling effects during cell division. This leads to rather-wild-type or rather-mutated cells with different fitnesseses. (**B**) Graph representing the decrease of heteroplasmy (H) of the mtDNA variant m.3243A\>G with age obtained by pooling data from several individuals (redrawn from [@mjz014C27]). Note that H is taken as a proxy for the proportion of rather-mutated cells. (**C**) Time course of rather-wild-type cells invading a population of leukocytes for an initial proportion (*P*~0~) of 0.25. The S-like shape of the curve would be more pronounced for lower values of *P*~0~ (see Figure [2](#mjz014F2){ref-type="fig"}).](mjz014f01){#mjz014F1}

The decrease of heteroplasmy in individuals bearing m.3243A\>G, that we can take as a proxy for the proportion of mutated cells, has been proposed to follow an exponential decay ([@mjz014C22]; [@mjz014C9]). However, further analyses have shown that often the exponential models yield physically meaningless values, such as a proportion of mutated cells \>100% ([@mjz014C27], [@mjz014C29]). This cannot happen when the logistic function is used to model the process. For low values of *P*~0~ (\<\<0.5) and t sufficiently small, there is an exponential increase of the proportion of rather-wild-type cells that eventually outnumber and replace the rather-mutated cells, thus reaching a maximum *P* = 1 or 100% (Figure [2](#mjz014F2){ref-type="fig"}).

![How rather-wild-type cells (having purged m.3243A \> G) invade the population for different starting values of *P*~0~ (for *k*′ = 0.0417 years^−1^, the most updated value of the parameter in Equation (1) according to [@mjz014C29]. Note that the smaller the proportion of healthier cells is, the more S-shaped the curve is, because the inflection point occurs at *P* = 0.5.](mjz014f02){#mjz014F2}

Further cases of partial or total subpopulation replacement {#mjz014s2}
===========================================================

Another phenomenon leading to an increase in the proportion of a cell subpopulation concerns the increasing aneuploidy levels of human leukocytes with age and in particular for the sex chromosomes ([@mjz014C11]). In the case of males, the Y chromosome is increasingly lost in the leukocytes of normal men (Figure [3](#mjz014F3){ref-type="fig"}). According to a recent model, cells having lost the Y chromosome (i.e. X0 cells) in an XY background have a selective advantage, but they cannot invade the population because they are produced at a very slow rate ([@mjz014C28]). The selective advantage might be due to the haploinsufficiency of gene(s) encoding negative effector(s) of cell proliferation present on both sex chromosomes or to the plain absence of Y-specific gene(s). In pathological conditions, the proportion of X0 cells can become alarmingly high ([@mjz014C13]; [@mjz014C6]; [@mjz014C31]). For instance, a study of leukemic or preleukemic male patients showed that more than 3% of them had a 45,X0 clone in their bone marrow. This phenomenon called clonal hematopoiesis was striking in about 1% of the patients who had more than 90% of X0 cells in their bone marrow ([@mjz014C13]). The proportion of X0 cells also rises in elderly women ([@mjz014C11]).

![Plot of the proportion *P* of cells having lost their Y chromosome (X0) vs. age in normal men (data from [@mjz014C11]). The blue line corresponds to the predictions made by a specific exponential model discussed in [@mjz014C28] (Pearson's correlation coefficient, *R* = 0.90, *P* \< 0.001). The orange line corresponds to predictions based on a population-genetics formalism (*P*~0~*e*^*st*^, *R* = 0.88, *P* \< 0.001). Although both models are suitable, the former model fits data marginally better than the one based on population genetics (this technical discussion is beyond the scope of this paper).](mjz014f03){#mjz014F3}

Linked to the above, biased X chromosome inactivation has been observed in cases of severe combined immunodeficiency (SCID), which is a disease occurring almost exclusively in males, females being healthy mutation carriers. Indeed, early studies have shown that the mothers, heterozygous carriers of *IL2RG* pathogenic variants responsible for SCID, had a highly skewed T-cell X inactivation pattern with the mutated X chromosome being inactive ([@mjz014C19]).

Another, less common example of somatic selection is the expansion of a cell subpopulation after the spontaneous *in vivo* reversion to normal of an inherited damaging variant, in which the revertant cells have an advantage. This has been reported for adenosine deaminase deficiency, which also leads to a recessive form of SCID. The reversion was shown by the absence of the deleterious variant inherited from the mother in most of the B cell lines studied and in a substantial proportion of the alleles genotyped in blood DNA ([@mjz014C14]). Interestingly, this condition leads to increased concentrations of potentially mutagenic metabolites. This and the fact that it concerns rapidly dividing cells provides a fertile ground for the appearance and spread of spontaneous revertants leading to non-negligible levels of somatic mosaicism. Reversion has also been reported in other conditions, such as Wiskott-Aldrich syndrome ([@mjz014C3]), Fanconi anemia ([@mjz014C10]) and T-cell immunodeficiencies ([@mjz014C23]; [@mjz014C25]; [@mjz014C15]). Again, most of such spontaneous reversions occur in rapidly proliferating tissues.

Mathematical models describing the selection/replacement process {#mjz014s3}
================================================================

Let us now briefly explore mathematical models of somatic selection by considering two co-existing cell subpopulations: one having a selective advantage (say, *a*) over the other one (*b*). This can be envisioned as the expansion of a cell lineage bearing an advantageous variant or as the expansion of wild-type cells in a mutated background (as for the rather-wild-type cells mentioned in the case of m.3243A\>G). In the context of this mtDNA variant, a model not considering interactions between the two sub-populations has been published ([@mjz014C27]). Accordingly, the competitors simply limit room or resources for growth, yet at some point one of them (*a* cells) will outnumber and practically erase the other (*b* cells). As shown in Supplementary material, the proportion *P* of *a*-type cells can be described by the logistic equation: $$P = \frac{P_{0}}{P_{0} + \left( {1 - P_{0}} \right)e^{- {k\prime}t}},$$

The parameter *k*′ corresponds to the difference *k*~*a*~*-- k*~*b*~, where *k*~*a*~ and *k*~*b*~ are the specific proliferation rates of the relevant cell types and contain information on both cell division and death. Although this equation describes a sigmoid, the populations *a* and *b* are supposed to increase exponentially. It can be argued that there cannot be unrestricted exponential growth within an organism. However, one can consider a parallel between stem cell proliferation and differentiation and the principle of a turbidostat, where the number of growing cells is kept constant by continuously removing a proportion of them. Indeed, as stem cells divide a fraction also differentiates, which limits the exponential growth of the subpopulations *a* and *b*. However, this subtlety is not taken into account in the model and this is the price to pay to obtain a simple solution (i.e. Equation ([1](#mjz014M1){ref-type="disp-formula"})).

The logistic function also describes population growth when the extent of the available resources is limited ([@mjz014C30]). It is the solution of the differential equation: $$\frac{dN}{dt} = kN(1 - N/K),$$where *N* is the number of individuals in the population, *k* is a specific growth rate and *K* is the highest number of individuals that can be sustained by the environment.

We can also derive *P* versus t by replacing *N* by *P*, *k* by *s* and making *K* = 1 (or 100%, if *P* is expressed as a percentage) in Equation ([2](#mjz014M2){ref-type="disp-formula"}). *P* and 1 -- *P* are the frequencies of (cells carrying) alleles *a* and *b*, respectively, and *s* is the selection coefficient, which corresponds to the fitness difference between cells/organisms carrying alleles *a* and *b*. The now classical equation *dP/dt* = *sP*(1 -- *P*) ([@mjz014C2]) shows the mathematical convergence with the reasoning leading to Equation ([1](#mjz014M1){ref-type="disp-formula"}) explained in Supplementary material and describes directional selection favoring allele *a* in asexual haploid individuals (which can be extended to diploids). It applies to both somatic and gametic selection. The advantage of the population-genetics formalism is that it is less dependent on the assumption made above that *a* and *b* cells grow exponentially. Indeed, it assumes that the processes regulating population size affect both genotypes similarly.

Let us apply the population genetics formalism to the normal loss of the Y chromosome with age (Figure [3](#mjz014F3){ref-type="fig"}). As mentioned above, the initial segment of the logistic curve is basically exponential. In the present context, as *P*~0~ is close to 0 and the extent of the increase of *P* is small (\<1.5%), the logistic function reduces to *P* = *P*~0~*e*^*st*^. If we explore the same dataset as in [@mjz014C28], we obtain *P*~0~ = 0.0018 and *s* = 0.024. Now, we can also compare this value of *s* with the difference between the specific rates of proliferation and death of X0 versus XY cells calculated according to a formalism based on *ad hoc* differential equations similar to those described in the [Supplementary material](#sup1){ref-type="supplementary-material"} (see details in [@mjz014C28]). We obtain a selective advantage of 0.008. Both models show that losing the Y chromosome does provide a selective advantage. However, the extent of the advantage is different according to the two models because of their different assumptions and formalisms. Figure [3](#mjz014F3){ref-type="fig"} shows that the one based on ad hoc differential equations is (marginally) better. However, loosely speaking, both types of models are convenient and the choice will depend on the background of the biologist doing the modeling and on the specific question being addressed, as further discussed in [Supplementary material](#sup1){ref-type="supplementary-material"} for the m.3243A\>G variant.

Conclusions and perspectives {#mjz014s4}
============================

This paper emphasizes that somatic selection can be studied using both population-genetics and other system-dynamics models. Such models have practical applications as previously discussed for the m.3243A\>G variant ([@mjz014C27]), because having reliable estimates of heteroplasmy at birth from leukocytes is clinically important and can make this determination minimally invasive for patients and avoid routine muscle biopsy. The growth advantage discussed here is also the central tenet underlying gene therapy, particularly for SCID. Indeed, it has been shown that less than 1% of corrected hematopoietic progenitor cells are able to replenish the T cell pool ([@mjz014C1]). An estimation of the selection parameter *k′* or *s* might be useful in assessing the efficiency of gene therapy protocols. Although not discussed, selection of resistant cells escaping chemotherapy or the contamination of a cell culture with highly proliferative cells are further examples of the logistic replacement process.

In sum, this paper shows that the replacement of a cell type by another bearing a selective advantage can be conveniently modeled by a logistic function according to different formalisms and assumptions. Furthermore, given the continuous nature of the population replacement process, we can say that the replacement curve should be sigmoidal (for low *P*~0~ values) whether the underlying function is the classical logistic equation or not.
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